Background/Aims: Vascular calcification and hypertension are intimately linked, and the progression of hypertension is closely correlated with endothelial dysfunction. However, the role of endothelial cells (ECs) in vascular calcification of hypertension remains unclear. Therefore, the present study explored the effects of ECs on calcification of smooth muscle cells (SMCs) from aortas of spontaneously hypertensive rats (SHR). Methods: Aortic ECs and SMCs were isolated from SHR and Wistar rats, respectively. The roles of ECs in the regulation of SMCs calcification were investigated by co-culture and conditioned culture model. Calcium deposition of SMCs was detected by von Kossa staining. Quantization of calcium content in SMCs was determined colorimetrically by the o-cresolphthalein complexone method. Alkaline phosphatase (ALP) activity was measured colorimetrically by p-nitrophenol. The expression levels of MMP-2, MMP-9 and the calcification-promoting proteins were analyzed by Western blot. Results: Calcium deposition, ALP activity and the expression levels of calcificationpromoting proteins in SMCs of SHR were significantly higher than that cultured without ECs after 6 days of co-culture with ECs or conditioned culture with the medium of ECs, however, there were no statistical differences between SMCs of Wistar rats. MMP-2 and MMP-9 in cocultured ECs from SHR were dramatically higher than that cultured without SMCs, nevertheless, there were no statistical differences between ECs from Wistar rats and between SMCs from SHR or Wistar rats. Moreover, SB-3CT, a specific inhibitor of gelatinases, decreased calcium content and the expression levels of calcification-promoting proteins in both co-cultured and conditionally cultured SMCs from SHR. Conclusion: ECs have the ability to promote calcification of aortic SMCs of SHR, and elevated expressions of MMP-2 and MMP-9 in ECs of SHR might facilitate the calcification of SMCs.
Introduction
Vascular calcification is an abnormal deposition of calcium in blood vessels [1] . It is associated with a high cardiovascular risk and has a much greater prevalence in patients with atherosclerosis, hypertension, diabetes mellitus, aortic stenosis and other cardiovascular diseases. Hypertension and vascular calcification are intimately linked and potentiates each other [2] . Calcification may contribute to decreased elasticity and increased stiffness of the artery wall, which accelerates pulse wave velocity, thereby widening the pulse pressure and promoting the occurrence of hypertension [3] [4] [5] . Commonly, patients with resistant hypertension have severe arterial calcification, and resistant hypertension may be explained by the role of arterial calcification [6] . Furthermore, arterial calcification is independently correlated to arterial stiffness and is a major cause of cardiovascular mortality [7, 8] . These reports indicate that understanding the mechanisms of calcification may offer new therapies for hypertension [2] .
Vascular calcification was previously considered as a passive and uncontrolled process. Accumulating evidences demonstrate it is an actively regulated process which is similar to bone formation with competition between local and systemic inhibitors and promoters [9] . Mineralization may proceed since osteoblast-like cells resides in the vascular wall [10] . Based on the location of calcium deposition, vascular calcification is generally divided into intimal calcification and medial calcification. The medial calcification occurs preferentially along the elastic lamina, as opposed to the diffuse localization seen in intimal calcification [10] .
Hypertension is associated with medial calcification [2] . The medial layer of the vessel wall is composed of smooth muscle cells (SMCs) and extracellular matrix. SMCs are generally regarded as the origin of the osteoblast-like cells. Following the injurious stimuli, such as mechanical forces, vasoactive agents, humoral factors and inflammatory mediators, SMCs might be converted from contractile phenotype to synthetic phenotype, and present as osteoblast-like cells [11] . The process of differentiation may be promoted by bone morphogenetic protein 2 (BMP2), runt-related transcription factor 2 (Runx2), Msx2, and Osterix [12] [13] [14] [15] .
Recent studies have shown that endothelial cells (ECs) were involved in the regulation of vascular calcification [16] . ECs undergo endothelial-mesenchymal transitions and contribute to the ectopic ossification in fibrodysplasia ossificans progressive [17] . Cola et al. reported that calcification of arterial wall might be regulated by ECs. The expressions of genes that facilitate arterial calcification were up-regulated when ECs were exposed to atherosclerotic and pro-inflammatory stimuli [18] . However, the role of ECs in vascular calcification of hypertension remains unclear.
The progression of hypertension is closely correlated with endothelial dysfunction [19] . Schmid-Schönbein et al. revealed that matrix metalloproteinase-2 (MMP-2) and MMP-9 were highly expressed in the endothelium of spontaneously hypertensive rats (SHR), and MMP-2 and MMP-9 secreted by ECs in SHR cleaved the extracellular domain of vascular endothelial growth factor receptor-2, which in turn caused endothelial apoptosis and capillary rarefaction [20, 21] . Mounting evidences indicated that elevated activity or expression of MMP-2 and MMP-9 lead to vascular calcification [22, 23] . Furthermore, hypertension impairs endothelial function, leading to an imbalance of endothelial autocrine-paracrine factors that maintain normal vascular function. Subsequently, the release of vaso-active substances promote smooth muscle cells proliferation, migration, and phenotypic transformation [19, 24] . Therefore, we hypothesize that ECs have the ability to promote osteogenic transition of SMCs in hypertension, and elevated expressions of MMP-2 and MMP-9 in ECs of SHR might be involved in the process.
In the present study, aortic ECs and SMCs were isolated from SHR and Wistar rats, respectively. The alterations of calcium deposition, alkaline phosphatase (ALP) activity and the expressions of calcification -regulating related protein in SMCs or ECs were investigated 
Materials and Methods

Animals
Male Wistar rats and SHR at 9 weeks of age were obtained from Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). All experimental procedures involving the use and care of animals were conducted in accordance with protocol guidelines approved by Experimental Animal Committee of Institute of Microcirculation, Chinese Academy of Medical Sciences & Peking Union Medical College.
Cell culture
Both ECs and SMCs were isolated from the descending thoracic aortic of rats, and identified as described previously [25, 26] . The growing media used for all cell types were Dulbecco's modified Eagles' medium (DMEM; high glucose, 4.5 g/L; Life Technologies Inc., Gaithersburg, Maryland, USA) containing 10% fetal bovine serum (FBS; Life Technologies Inc., USA), supplemented with 3 mmol/L L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. ECs and SMCs between passages 3 and 5 were used for all experiments. SMCs without ECs means SMCs cultured in the absence of either ECs or conditioned medium of ECs.
ECs isolated from rat aorta are likely to be contaminated by very few fibroblasts. Even though a minimum number of fibroblasts mix in ECs, the cellular microenvironment may be changed and the role of ECs is probably affected in the culture system. Therefore, fibroblasts serving as negative control is prerequisite to prove the promoting -calcification potential of ECs. Fibroblasts were isolated from the aorta of rats, and identified as described previously [27, 28] . The culture method of fibroblasts was the same as ECs.
Transwell co-culture SMCs (3.5 × 10 5 /well) were cultured in a 6-well dish. After the confluence of SMCs, the transwell chambers (polycarbonate membranes with 3 μm pores; Corning Life Sciences, California, USA) plated with ECs or fibroblasts (1 × 10 5 /well) were inserted in the wells [25] . The transwell allows exchange of the medium, however, cell-cell contact between SMCs and ECs or fibroblasts was inhibited by polycarbonate membranes. Media were replenished every 3 days.
Conditioned culture
SMCs (3.5 × 10 5 /well) were cultured in a 6-well dish. After the confluence of SMCs, ECs or fibroblasts (1 × 10 5 /well) were cultured in another 6-well dish. The conditioned medium for SMCs was obtained from ECs or fibroblasts. The medium to conditionally culture SMCs was refreshed with a mixed medium (the one which have cultured ECs and DMEM, 3:1) [25] . SMCs were used for the following experiments at day 3 and day 6.
Von Kossa staining
Calcium deposition in cultured SMCs was investigated by von Kossa staining as previously described [29] . SMCs were washed twice with phosphate buffered saline (PBS), and fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were then washed three times with distilled water, and 3% silver nitrate solution was added into each well. The cells were exposed to ultraviolet light for 60 min. Then the cells were washed with distilled water and incubated with 5% sodium thiosulfate for 5 min. Calciumphosphate depositions were observed by light microscope and photographed for black area indicating deposited calcium-phosphate, and the calcification area (black area) was analyzed using the software of Image J 1.48.
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Quantification of calcium deposition
SMCs were washed three times with PBS and decalcified with 0.6 mmol/L HCl at 4°C for 24 h [30] . The content of calcium in the supernatants of HCl was determined colorimetrically by the o-cresolphthalein complexone method using the Calcium Colorimetric Assay Kit (BioVision Inc., Milpitas, California, USA). Calcium content was normalized to total cell protein that was dectected by Protein Assay Kit (Beyotime Biological technology Inc., Haimen, China), and expressed as μg/mg protein.
ALP activity
SMCs were lysed with 1% Triton X-100 in PBS at 4°C for 1 h, and then centrifuged at 12000 g for 5 min at 4°C [31] . The supernatant was used to analyze ALP activity and protein concentration. ALP activity was measured colorimetrically using ALP Assay Kit (Beyotime, China). One unit of the activity was defined as 1 nmol of p-nitrophenol produced at 37°C in 30 min. Results were normalized by total cell protein, and ALP activity was expressed as unit/mg protein.
Western blot analysis
Total protein of ECs and SMCs were extracted in the radio immunoprecipitation assay buffer (Beyotime, China). After centrifuging, supernatants were collected for the determination of protein concentrations. Equal protein (50 μg) was loaded onto 10% SDS -polyacrylamide gels and transferred to PVDF membranes (Beyotime, China). The membranes were blocked with 5% bovine serum albumin in TBST at room temperature for 1 h, then incubated with primary antibodies: rabbit anti-BMP2 polyclonal antibody (Abcam, Boston, Massachusetts, USA; dilution 1:300), or anti-Runx2 polyclonal antibody (Abcam, USA; dilution 1:500), or rabbit anti-Msx2 polyclonal antibody (Santa Cruz Biotechnology, California, USA, dilution 1:500), or rabbit anti-Osterix polyclonal antibody (Abcam, USA; dilution 1:300), or rabbit anti-MMP-2 polyclonal antibody (Abcam, USA; dilution 1:500), or rabbit anti-MMP-9 polyclonal antibody (Abcam, USA; dilution 1:500), or rabbit anti-β-actin polyclonal antibody (Santa Cruz, USA, dilution 1:500 ) overnight at 4°C. After washed with TBST three times, membranes were incubated with horseradish peroxidase conjugated goatanti-rabbit secondary antibody (Santa Cruz, dilution 1:1000) for 1 h at 37°C. Immunodetections were performed with the Enhanced Chemiluminescence Kit (Beyotime, China).
Statistical Analysis
Data are presented as mean ± SD. The significance of differences was analyzed with Student's t-test or ANOVA followed by Student-Newmann-Keuls multiple comparison tests. Difference was considered statistically significant when the P value was less than 0.05.
Results
ECs increased calcium deposition in SMCs from SHR
Von Kossa staining and quantification of calcium content were employed to assess the calcium deposition of SMCs from Wistar rats and SHR (Fig. 1A-C) . There was no statistical difference in the extent of calcification between SHR and Wistar rats at the confluence of SMCs (day 0). The calcification area and calcium content of SMCs of SHR significantly increased after 6 days, whereas the calcification area and calcium content of SMCs of Wistar rats at day 6 were not significantly different from that of day 0, indicating SMCs of SHR have the ability to calcify spontaneously. Both the co-cultured and conditionally cultured SMCs of SHR had increased calcification area and calcium content compared with the SMCs without ECs at day 6 ( Fig. 1B and C) . However, there were no statistical differences in calcification area and calcium content between SMCs without ECs, conditionally cultured SMCs and cocultured SMCs from Wistar rats (Fig. 1B and C) . Compared with SMCs without fibroblasts, SMCs co-cultured with fibroblasts and cultured with the medium of fibroblasts were not statistically different in calcification area and calcium content ( Fig. 2A-C) . These evidences indicated that ECs have the capability to promote the calcification of SMCs from SHR.
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ECs promoted osteogenic transition of SMCs from SHR
ALP, a bone-related protein, is necessary for mineralization. The activity of ALP is an early marker of osteogenic conversion [9] . As shown in Fig. 1D , compared with the SMCs without ECs, both the conditionally cultured and the co-cultured SMCs of SHR had an enhanced ALP activity at day 6. Nevertheless, there were no statistical differences in ALP activity between the SMCs without ECs, the co-cultured SMCs and conditionally cultured SMCs of Wistar From Fig. 2D , we found that ALP activity had no statistical differences between SMCs without fibroblasts, SMCs co-cultured with fibroblasts and SMCs cultured with the medium of fibroblasts in both Wistar rats and SHR. These results demonstrated that ECs promote the osteogenic transition of SMCs of SHR rather than that of Wistar rats.
ECs promoted the expression of calcification-promoting proteins in SMCs from SHR
BMP2 is a crucial protein promoting vascular calcification. The effect of BMP2 is accomplished by up-regulating the expression of Osterix through two distinct transcription factors, Runx2 and Msx2 [14, 15] . After 6 days, the expression levels of BMP2, Msx2, Runx2 and Osterix in both the conditionally cultured SMCs and the co-cultured SMCs of SHR were significantly higher than that without ECs. Nevertheless, there were no statistical differences in the expression of each of the proteins between the SMCs without ECs, the co-cultured SMCs and conditionally cultured SMCs from Wistar rats (Fig. 3) . The present study indicated that ECs of SHR up-regulate the expressions of calcification-promoting proteins, thereby promoting calcification in SMCs from SHR.
MMP-2 and MMP-9 secreted from ECs facilitate calcification of SMCs in SHR
MMP-2 and MMP-9 have been found to be involved in the pathogenesis of vascular calcification [23, 24] . In the present study, compared with the SMCs without ECs, we found no significant differences in expression levels of MMP-2 and MMP-9 in both the coculture pattern and the conditioned culture pattern of SMC of SHR or Wistar rats (Fig. 4A-C) . However, the expression levels of MMP-2 and MMP-9 in co-cultured ECs of SHR were remarkably higher than that without SMCs of SHR, and there were no significant differences between ECs from Wistar rats (Fig. 4D-F) .
Our previous study showed that both the expression levels and activity of MMP-2 and MMP-9 in ECs of SHR were higher than that of Wistar rats [32] . To demonstrate MMP-2 and MMP-9 secreted from ECs of SHR facilitate the calcification of SMCs from SHR, SB-3CT (200 μmol/L in DMSO, Santa Cruz Biotechnology, California, USA, to a concentration of 10 μmol/L), a specific inhibitor of gelatinases, was added into the DMEM [33] . As shown by Fig. 5 , after treatment with SB-3CT for 6 days, calcium content and the expression levels of BMP2, Runx2, Msx2 and Osterix were significantly decreased in both the conditionally cultured and co-cultured SMCs of SHR. These results suggested that elevated expressions of MMP-2 and MMP-9 in ECs from SHR might facilitate calcification of SMCs. 5 . Calcium content (A) and the expression levels of BMP2, Runx2, Msx2 and Osterix (B-F) in conditionally cultured or co-cultured SMCs of SHR were decreased by SB-3CT (black column) treatment for 6 days. Since SB-3CT was dissolved in DMSO, the same concentration of DMSO (5%) was used as a negative vehicle control in the experiment (grey column). And there were no significant differences in both calcification content and the expression levels of pro-calcification protein between DMSO groups (grey column) and the groups without DMSO (white column). CW, culture without ECs. CM, culture with the medium of ECs. CC, co-culture with ECs.
* P<0.05, ** P<0.01. Cell
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Discussion
Hypertension is intimately linked with vascular calcification, and endothelial dysfunction is closely correlated with the progression of hypertension. However, the role of ECs in vascular calcification of hypertension remains unclear. The present study showed that the calcium deposition and ALP activity of both conditionally cultured and co-cultured SMCs from SHR were higher than that without ECs, but there were no statistical differences in calcium deposition and ALP activity between the three groups in the SMCs from Wistar rats. To exclude the possibility that other cells than ECs have effects on spontaneous calcification of SMCs in the culture system, a negative control cell is prerequisite. In this study fibroblasts were served as the negative control. As Fig. 2 shows, fibroblasts were incapable of promoting calcification and osteogenic transition of SMCs from either Wistar rats or SHR. These results indicated ECs have the capability to promote the calcification in SMCs of SHR. In addition, the present study found SMCs of SHR spontaneously calcified in DMEM containing 10% FBS without any other calcification stimulus, which was consistent with the report of Kanemaru et al. [34] .
Vascular calcification is regulated by a number of factors. BMP2, a crucial promoter of vascular calcification, is a member of transforming growth factor-β superfamily. Its downstream effects are accomplished by the upregulation of key osteogenic transcription factors, including Runx2 and Msx2 which are mediators of vascular calcification [15, 35] . The expression of Runx2 in SMCs serves as an early, definitive marker of osteoblastic differentiation, the initial step in vascular calcification [9] . Osterix, a Sp1 transcription family member, is a key regulator of osteoblast progenitors. BMP2 regulates Osterix expression independently through Runx2 and Msx2 [14, 15] . Kanemaru et al. demonstrated that aortic SMCs from SHR spontaneously calcified via Msx2-Osterix signaling pathway [34] . The present study showed that the expression levels of BMP2, Msx2, Runx2 and Osterix in SMCs of SHR were significantly higher than that without ECs after 6 days of co-culture and conditioned culture. Accordingly, the extent of calcification and ALP activity in both co-cultured and conditionally cultured SMCs of SHR were higher than that without ECs. These evidences indicated that the calcification-promoting effect of ECs is achieved by up-regulating the expression of proteins in BMP2-Runx2-Osterix and BMP2-Msx2-Osterix signaling pathway in SMCs of SHR.
In this study, the calcium deposition and the expression levels of calcification-promoting proteins in SMCs of SHR were increased after treatment with the medium of ECs, which indicated that soluble factors secreted by ECs might be involved in the calcificationpromoting effect of ECs from SHR. MMPs are the members of a large family of proteins which are characterized by an active site containing a metal atom. The gelatinases (MMP-2 and MMP-9) are the most extensively investigated MMPs in the vasculature. MMP-2 and MMP-9 can be secreted by ECs and SMCs, and have the functions to cleave the basement membrane, type IV collagen, laminin and elastin [36, 37] . In hypertensive patients, plasma levels and activities of MMP-2 and MMP-9 were found to be enhanced, which was directly linked to increased arterial distensibility in vitro and in vivo, and recognized as the principal inducer of vascular remodeling [36, 38] . Sasaki et al. reported that MMP-2 deficiency impaired aortic atherosclerotic calcification in ApoE-deficient mice and inhibited mineral deposition induced by β-glycerophosphate [22] . Chen et al. revealed that activation of MMP-2 and MMP-9 lead to vascular calcification in chronic kidney diseases rats [23] . In our previous study, both the expression levels and activity of MMP-2 and MMP-9 in ECs of SHR were higher than that of Wistar rats [32] , and gelatinases could promote calcification of SMCs by up-regulating BMP-2 [39, 40] . This study showed that calcium deposition and the expressive levels of BMP-2, Runx2, Msx2 and Osterix in conditionally cultured SMCs of SHR were higher than that without ECs after cultured with the medium of ECs from SHR for 6 days, but there were no Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry statistical differences in the expression levels of MMP-2 and MMP-9 between conditionally cultured SMCs of SHR and the SMCs without ECs. Furthermore, SB-3CT, a specific gelatinases inhibitor, had decreased the calcium content and expression levels of these proteins in conditionally cultured SMCs from SHR. Those results suggested that elevated expressions of MMP-2 and MMP-9 in ECs from SHR might promote the calcification in SMCs of SHR.
In the present study, we found that both calcium deposition and the expression levels of these pro-calcification proteins in the co-cultured SMCs of SHR were higher than that in the conditionally cultured SMCs, and the expressive levels of MMP-2 and MMP-9 in the cocultured ECs of SHR were increased compared with that cultured without SMCs, nevertheless, there were no significant differences in MMP-2 and MMP-9 levels between the three groups of SMCs from SHR, which indicated that the cross-talk between ECs and SMCs of SHR could intensify the calcification in the SMCs of SHR and increase the expression levels of MMP-2 and MMP-9 in ECs of SHR. Moreover, after treatment with SB-3CT, the calcium content and expression levels of BMP-2, Runx2, Msx2 and Osterix in the co-cultured SMCs of SHR decreased. Those results suggested that the cross-talk between ECs and SMCs of SHR is able to elevate the expressions of MMP-2 and MMP-9 in ECs from SHR, thereby enhance the calcification in co-cultured SMCs of SHR.
Conclusion
In summary, these results indicate that ECs of SHR have the ability to drive the calcification of aortic SMCs isolated from SHR. Elevated expressions of MMP-2 and MMP-9 from ECs might facilitate the calcification of SMCs. These findings provide novel insight into the pathogenesis of vascular calcification in hypertension.
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